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I. B I O P H Y S I C S  OF THE HUMAN VESTIBULAR SYSTEM 
The o b j e c t i v e  of t h i s  r e sea rch  w a s  t o  e v a l u a t e  t h e  dynamic 
c h a r a c t e r i s t i c s  of t h e  human s e m i c i r c u l a r  canals  by a d e t a i l e d  
examination of t h e i r  p h y s i c a l  p r o p e r t i e s  and t o  c o r r e l a t e  them 
wi th  p h y s i o l o g i c a l  and behav io ra l  d a t a .  This  work w a s  c a r r i e d  
o u t  i n  p a r t  by Robert W. Steer, Z r . ,  i n  p a r t i a l  f u l f i l l m e n t  of 
t h e  requirements  f o r  t h e  degree of Doctor of Sc ience ,  g ran ted  
by M.I .T.  i n  August 1 9 6 7 .  The degree t o  which ou r  o b j e c t i v e s  
w e r e  r e a l i z e d  i s  o u t l i n e d  as fol lows.  
P h y s i c a l  P r o p e r t i e s  of t h e  Labyr in th ine  F l u i d s  
The p r o p e r t i e s  of v i s c o s i t y ,  thermal  c o e f f i c i e n t  of v i s -  
c o s i t y ,  d e n s i t y ,  and thermal  c o e f f i c i e n t  of expansion w e r e  
measured f o r  endolymph and perilymph and were used t o  e v a l u a t e  
t h e  c o e f f i c i e n t s  of t h e  equat ions  of t h e  dynamic response of 
t h e  s e m i c i r c u l a r  cana l s .  These measured p r o p e r t i e s  and t h e  
measurement accu rac i e s  are presented  i n  MV-67-2. 
A microviscometer w a s  designed,  b u i l t ,  and c a l i b r a t e d  
f o r  u s e  on 1 - 2  microl i t re  f l u i d  samples. The des ign  and 
o p e r a t i o n a l  procedures  of t h e  microviscometer and sample 
h a n d l i n g  techniques  are a l s o  p re sen ted  i n  MV-66-2 and MV-67-2. 
C a n a l i c u l a r  Response t o  Angular Acce le ra t ion  and Rota t ion  i n  
a L i n e a r  Acce le ra t ion  F i e l d  
Hydromechanical a n a l y s i s  of t h e  s e m i c i r c u l a r  c a n a l s  a s  a 
r i g i d  t o r u s  f i l l e d  wi th  f l u i d  and s u b j e c t e d  t o  a c o n s t a n t  
a n g u l a r  a c c e l e r a t i o n  showed t h a t  t h e  damping t o  i n e r t i a  r a t i o  
of t h e  c a n a l i c u l a r  duc t  w a s  a n  order of magnitude h i g h e r  
than  i s  c a l c u l a t e d  f r o m  t h e  observed o b j e c t i v e  and s u b j e c t i v e  
responses  of man t o  angular  a c c e l e r a t i o n s .  I n v e s t i g a t i o n  of 
t h e  i n f l u e n c e  of v iscous  d rag  of t h e  cupula  on t h e  membranous 
ampulla showed t h a t  f o r  t h e  dimensions of t h e  cupula  and 
t h e  c l e a r a n c e  between t h e  cupula and t h e  ampulla t h a t  i s  
observed from h i s t o l o g i c a l  s t u d i e s ,  t h e  cupula d rag  c o n t r i b u t e s  
as much damping t o  t h e  s e m i c i r c u l a r  c a n a l s  as t h e  hydro- 
dynamic d rag  of endolymph i n  t h e  c a n a l i c u l a r  d u c t .  F u r t h e r ,  
t h e  moment of i n e r t i a  of t h e  cupula and t h e  endolymph a d j a c e n t  
t o  it i n  t h e  ampulla i s  shown t o  be an order of magnitude 
' .  
greater than  t h e  i n e r t i a  r i n g  of t h e  endolymph i n  t h e  
c a n a l i c u l a r  duc t .  , These r e s u l t s  r e s o l v e  t h e  d i s p a r i t y  between 
t h e  c a l c u l a t e d  and observed dynamic responses  of t h e  s e m i -  
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c i r c u l a r  cana l s .  F u r t h e r ,  they i n d i c a t e  t h a t  t h e  e l a s t i c i t y ,  
v i scous  d rag ,  and i n e r t i a  o f  t h e  cupula  a r e  t h e  p r i n c i p a l  
de te rminants  of these dynamic p r o p e r t i e s  w i t h  t h e  endolymph- 
f i l l e d  d u c t  provid ing  some damping b u t  a c t i n g  p r i m a r i l y  a s  
an i n e r t i a  r i n g  t o  s e n s e  angular  a c c e l e r a t i o n  and pump t h e  
endolymph i n t o  t h e  ampulla \(see MV-67-2). 
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F u r t h e r  examination of t he  s t r u c t u r e  of the  membranous 
c a n a l  d u c t  showed it t o  be f l e x i b l e ,  denser  t h a n  t h e  
su r round ing  endolymph and perilymph, and a t t ached  by f i b r o u s  
connec t ions  a long  i t s  o u t e r  pe r iphe ry  t o  t h e  bony cana l .  
The d i s t e n s i o n  of the  d u c t  under t h e  i n f l u e n c e  of l i n e a r  
a c c e l e r a t i o n ,  which a c t s  on t h e  d e n s i t y  d i f f e r e n c e s  between 
iiie diizt and the fluids, ~ 7 2 s  shown t o  be r e s p o n s i b l e  f o r  a 
" ro l le r  pump" a c t i o n  when t h e  c a n a l  i s  r o t a t e d  about an a x i s  
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or thogonal  t o  t h e  l i n e a r  a c c e l e r a t i o n  f i e l d .  This  ro l le r  
pump a c t i o n  produces a s t eady  s t a t e  cupula  d e v i a t i o n  i n  
response t o  a c o n s t a n t  r o t a t i o n  i n  an a c c e l e r a t i o n  f i e l d  and 
o f f e r s  a r ea l i s t i c  p h y s i c a l  exp lana t ion  f o r  t h e  observed 
b i a s  component of n e u r a l  d i scharge  from c a t  c a n a l i c u l a r  
neurons when t h e  animals a r e  s u b j e c t e d  t o  c o u n t e r - r o t a t i n g  
motion. W e  have shown t h a t  less t h a n  a 3%/g c o n s t r i c t i o n  
i n  duc t  c r o s s - s e c t i o n a l  area can produce t h e  b i a s  component 
of v e s t i b u l a r  nystagmus t h a t  h a s  been observed i n  experiments  
where t h e  s u b j e c t s  w e r e  cons t an t ly  r o t a t e d  about a h o r i z o n t a l  
l o n g i t u d i n a l  a x i s ,  experiments where s u b j e c t s  w e r e  r o t a t e d  
about  a v e r t i c a l  a x i s  i n  a l a t e r a l  a c c l e r a t i o n  f i e l d  by use  
of a r o t a t i n g  c h a i r  mounted on t h e  boom of a c e n t r i f u g e ,  and 
i n  experiments  showing t h e  a n a l y s i s  of t h e  b i a s  component of 
r o t a r y  nystagmus observed from dynamic c o u n t e r r o l l i n g  (see 
MV-67-3). 
This  c a n a l i c u l a r  response t o  r o t a t i o n  i n  a l i n e a r  accel- 
e r a t i o n  f i e l d  i s  of some consequence i n  t h a t  it g ives  t h e  
human a s i g n i f i c a n t  v e s t i b u l a r  i n p u t  of t h e  same p h y s i o l o g i c a l  
c h a r a c t e r  as angu la r  a c c e l e r a t i o n .  I f  r o t a t i n g  environments 
are t o  be used f o r  g r a v i t y  s imula t ion  or  space s t a t i o n  
s t a b i l i z a t i o n ,  t hen  man's a b i l i t y  t o  i n t e r p r e t  c o r r e c t l y  and 
t o  adapt  t o  t h i s  new v e s t i b u l a r  i n fo rma t ion  must be c a r e f u l l y  
cons ide red .  
C a n a l i c u l a r  Response t o  Thermal S t imula t ion  
C a l o r i c  s t i m u l a t i o n  w a s  shown t o  produce t h e  phys io lo-  
g i c a l  e q u i v a l e n t  of an angular  a c c e l e r a t i o n .  A toi-qiie is 
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induced on t h e  endolymph as  t h e  r e s u l t  of a temperature  
g r a d i e n t  across t h e  l a t e r a l  s emic i r cu la r  c a n a l  when t h e  
e x t e r n a l  aud i to ry  mea tus  i s  i r r i g a t e d  w i t h  w a t e r  a t  a t e m -  
p e r a t u r e  d i f f e r e n t  f r o m  normal body temperature .  Analysis  
of t h e  publ i shed  r e s u l t s  of previous r e s e a r c h e r s ,  who measured 
t h e  t i m e  h i s t o r y  of t h e  temperature g r a d i e n t  a c r o s s  t h e  l a t e r a l  
c a n a l  due t o  ca lor ic  i r r i g a t i o n ,  produced a system t r a n s f e r  
func t ion  d e s c r i p t i o n  r e l a t i n g  t h e  tempera ture  of i r r i g a t i o n  
t o  an e q u i v a l e n t  angu la r  a c c e l e r a t i o n .  I t  i s  of t h e  form of 
a f i r s t  o rde r  l a g  wi th  a 2 5  second thermal  l a g  and a g a i n  
c o n s t a n t  t h a t  i s  c o n s i s t e n t  with t h e  r a t i o  of t h e  t h r e s h o l d  
levels of c a l o r i c  and angular  a c c e l e r a t i o n  s t i m u l a t i o n s .  
The t i m e  h i s t o r y  of cupula  displacement c a l c u l a t e d  by cas- 
cad ing  t h e  thermal  l a g  t r a n s f e r  f u n c t i o n  w i t h  t h e  hydrodynamic 
t r a n s f e r  f u n c t i o n  of t h e  cana l  was shown t o  be i n  close 
agreement wi th  t h e  t i m e  h i s t o r y  of t h e  s l o w  phase v e l o c i t y  of  
ca lor ic  v e s t i b u l a r  nystagmus. Our experiments  t o  e v a l u a t e  
t h e  l a t e n c y  t i m e  t o  t h e  onse t  of c a l o r i c  v e s t i b u l a r  nystagmus 
confirm t h e  computed f u n c t i o n a l  r e l a t i o n s h i p  and show it t o  
be analogous t o  t h e  Muelder product  which re la tes  t h e  l a t e n c y  
t i m e  t o  t h e  o n s e t  of  s u b j e c t i v e  s e n s a t i o n  of r o t a t i o n  and 
t h e  s t r e n g t h  of angu la r  a c c e l e r a t i o n  s t i m u l a t i o n  (see MV-66-2 
and MV-67-2). 
I n  summary, t h e  r e s u l t s  of  t h i s  i n v e s t i g a t i o n  have 
y i e l d e d  new informat ion  on t h e  p h y s i c a l  p r o p e r t i e s  of  t h e  
l a b y r i n t h i n e  f l u i d s .  The  influences of t h e  i n e r t i a  and v iscous  
d r q  cf t h e  ~1q11 la  and of the  f l e x i b l e  membranous c a n a l i c u l a r  
d u c t  have r e s u l t e d  i n  a new dynamic model f o r  t h e  response of 
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t h e  s e m i c i r c u l a r  c a n a l s  t o  angular  and l i n e a r  a c c e l e r a t i o n .  
F u r t h e r ,  t h e  demonstrated p h y s i o l o g i c a l  equiva lence  between 
ca lor ic  s t i m u l a t i o n  and angular  a c c e l e r a t i o n  now pe rmi t s  
i n c l u s i o n  of calor ic  s t i m u l a t i o n  i n  t h i s  d e s c r i p t i o n  of t h e  
sensory  c a p a b i l i t i e s  of t h e  s emic i r cu la r  c a n a l s .  
11. FUTURE PLANS 
The Man-Vehicle Laboratory performs research i n  areas 
r e l a t i n g  t o  t h e  l i m i t a t i o n s  and c a p a b i l i t i e s  of men involved 
i n  guidance,  c o n t r o l ,  and s t a b i l i z a t i o n  of moving v e h i c l e s .  
I n  keeping w i t h  t h e  o b j e c t i v e s  of t h e  Man-Vehicle Laboratory,  
w e  w i l l  develop a q u a n t i t a t i v e  d e s c r i p t i o n  f o r  t he  c o n t r o l  of 
p o s t u r e  i n  t h e  human. S ince  p o s t u r e  c o n t r o l  demonstrates  a 
primary use  of t h e  motion senso r s ,  t h e  s tudy  r e p r e s e n t s  t h e  
log ica l  a p p l i c a t i o n  of t h e  v e s t i b u l a r  r e s e a r c h  r e c e n t l y  com- 
p l e t e d  by t h e  l abora to ry .  
A d e t a i l e d  i n v e s t i g a t i o n  of human neurophysiology and 
anatomy r e l a t e d  t o  p o s t u r e  c o n t r o l  w i l l  culminate  i n  a model 
a p p l i c a b l e  t o  f u r t h e r  research  i n  eng inee r ing  and med ic ine .  
T h e  d i r e c t  eng inee r ing  a p p l i c a t i o n  f o r  t h i s  model w i l l  be i n  
de te rmining  t h e  f e a s i b i l i t y  of us ing  p o s t u r a l  ra ther  than  
manual c o n t r o l  of moving v e h i c l e s .  
T h e  i n t e r a c t i o n  of t h e  va r ious  components i n  t h e  p o s t u r e  
c o n t r o l  model i s  shown i n  Fig. 1. The c o n t r o l  of p o s t u r e  i s  
p r e s e n t e d  here as t h e  i n t e r a c t i o n  of feedback informat ion  on 
t w o  l e v e l s :  
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1. The lower l e v e l  r e f l e x  c o n t r o l  i n v o l v i n g  t h e  muscle 
s p i n d l e  sensors and invo lun ta ry  commands emanating 
from t h e  s p i n a l  l e v e l  only.  
The upper l e v e l  c o n t r o l  i nvo lv ing  t h e  i n t e g r a t i o n  
of motion and p o s i t i o n  informat ion  i n  t h e  b r a i n  and 
2 .  
r e s u l t i n g  i n  both vo lun ta ry  and i n v o l u n t a r y  commands 
t o  t h e  motoneurons and t o  t h e  muscle s p i n d l e  
r e c e p t o r s .  
S ince  r e f l e x e s  can account only f o r  p a r t i a l  s t a b i l i t y ,  
t h e  h i g h e r  l e v e l  c o n t r o l s  a r e  necessary  f o r  complete s t a b i l i t y .  
The  op t imal  i n t e r a c t i o n  of t h e s e  two loops (ove r  a w i d e  range 
of d i s t u r b a n c e  c o n d i t i o n s )  i s  p o s s i b l e  through t h e  a d a p t i b i l i t y  
of t h e  r e f l e x  c h a r a c t e r i s t i c s .  
The a r e a s  of i n t e r e s t  t o  be emphasized i n  t h e  i n i t i a l  
r e s e a r c h  w i l l  be:  
1. The d e s c r i p t i o n  of t h e  ro le  of each muscle and 
r e c e p t o r  group i n  t h e  c o n t r o l  of pos tu re .  
2 .  The complete d e s c r i p t i o n  of t h e  range of r e f l e x  
c o n t r o l  c h a r a c t e r i s t i c s .  
3. The i n t e r a c t i o n  of r e f l e x  c o n t r o l  w i th  t h e  h i g h e r  
l e v e l  c o n t r o l  under vary ing  d i s t u r b a n c e  cond i t ions .  
Our r e s e a r c h  w i l l  concent ra te  on t h e  d e s c r i p t i o n  of  t h e  
flow of in format ion ,  bo th  i n  t h e  lower l e v e l  r e f l e x  loops and 
i n  t h e  h i g h e r  l e v e l  pa t t e rned  responses .  
model w i l l  demonstrate  t h e  f u n c t i o n a l  importance of each m u s c l e  
and r e c e p t o r  group i n  t h e  o v e r a l l  c o n t r o l  t a s k .  The model w i l l  
aiso i-- -.1.-3- 
I I L ~ U ~ ~  ;i d s s c r i p t i c n  cf the 1ise of t h e  h i q h e r  s enses  
i n c l u d i n g  v i s i o n ,  motion ( v e s t i b u l a r ) ,  and touch ,  i n  t h e  
The p o s t u r a l  c o n t r o l  
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maintenance of pos tu re .  
c o n t r o l  problem i s  a broad and multi-dimensioned one,  o u r  s tudy  
w i l l  concen t r a t e  on t h e  s p e c i f i c  case of  a man s t a n d i n g  erect  
i n  a f i x e d  p o s i t i o n  wi th  h i s  feet  t o g e t h e r .  The f i n e r  
r e s o l u t i o n  of c o n t r o l  func t ions  t h a t  i s  p o s s i b l e  i n  t h e  s tudy  
of t h i s  cons t r a ined  case w i l l  i n d i c a t e  many of  t h e  c o n t r o l  
p a t t e r n s  t o  be expected i n  a more complete pos tu re  c o n t r o l  
d e s c r i p t i o n .  
Since a g e n e r a l  a t t a c k  on t h e  p o s t u r e  
The choice of a s i m p l i f i e d  p o s t u r e  c o n t r o l  t a s k  i s  neces- 
s a r y  t o  main ta in  t h e  d e s c r i p t i o n  of t h e  informat ion  p a t h s  and 
t h e  d e f i n i t i o n  of t h e  component f u n c t i o n s  on a workable l e v e l .  
The i n t e r a c t i o n  of t h e  d i f f e r e n t  l e v e l s  of c o n t r o l  can be ob- 
served q u a n t i t a t i v e l y  only i n  t h e  absence of i n t e r f e r e n c e  f r o m  
t h e  very complex l ea rned  responses  such as s t e p p i n g  and hopping. 
One of t h e  primary experimental  goa l s  of t h e  r e s e a r c h  w i l l  
be  t o  determine t h e  r e l a t ive  roles of t h e  r e f l e x  and h i g h e r  
l e v e l  c o n t r o l s  i n  t h e  maintenance of pos tu re .  Continuous 
measurement of t h e  j o i n t  angles  and r e a c t i o n  torques  f o r  t h e  
j o i n t s  are necessary  t o  d e s c r i b e  q u a n t i t a t i v e l y  a l l  of t h e  
p o s t u r e  responses .  T o  desc r ibe  adequate ly  t h e  r e f l e x  response ,  
a method f o r  measuring t h e  s t i f f n e s s  of t h e  ank le  j o i n t  w i l l  
be developed. The d i f f e r e n t i a t i o n  of t h e  r e f l e x  response  from 
t h e  h i g h e r  l e v e l  response i s  p o s s i b l e  i f  a q u a n t i t a t i v e  measu re  
of t h e  t o t a l  response and of t h e  j o i n t  s t i f f n e s s  are both  known 
as cont inuous func t ions  of t i m e .  
The primary method for  observ ing  t h i s  i n t e r a c t i o n  of t h e  
d i f f e r e n t  l e v e l s  of c o n t r o l  w i l l  be t h e  use  of a p l a t f o r m  
ins t rumen ted  t o  diminish or augment t h e  c h a r a c t e r i s t i c s  of t h e  
r e f l e x  loop  w i t h  a minimum of i n t e r f e r e n c e  t o  t h e  responses  
7 
of t h e  h i g h e r  c e n t e r s .  
vary ing  degrees  of sensory depr iva t ion  w i l l  a l s o  be used t o  
Experiments w i th  t h e  s u b j e c t  under 
a f f e c t  t h e  c h a r a c t e r i s t i c s  of t h e  h i g h e r  l e v e l  c o n t r o l s .  
S p e c i f i c  p o s t u r a l  c o n t r o l  tasks  i n c l u d i n g  s t a n d i n g  wi thou t  
d i s t u r b a n c e ,  main ta in ing  balance under l a t e ra l  a c c e l e r a t i o n s ,  
and main ta in ing  ba lance  i n  t h e  p resence  of a p i t c h i n g  f l o o r  
w i l l  be i n v e s t i g a t e d .  
c a r r i e d  o u t  i n  coopera t ion  with o r thoped ic  surgeons and 
ne ruophys io log i s t s  a t  t h e  Harvard Medical School.  
This  phase of  ou r  work i s  be ing  
111. PUBLICATIONS 
The fo l lowing  two theses  have been completed i n  t h e  Man- 
Vehic le  Laboratory through t h e  suppor t  of t h i s  g r a n t .  
The I n f l u e n c e  of Angular and Linear  Acce le ra t ion  and 
Thermal S t imula t ion  on  t h e  Human Semic i r cu la r  Canal 
Robert W .  S teer ,  Jr. 
Abstract 
The hydrodynamic p r o p e r t i e s  of t h e  human s e m i c i r c u l a r  
c a n a l  system w e r e  s t u d i e d  t o  determine i t s  dynamic c h a r a c t e r -  
i s t ics  and t h e i r  r e l a t i o n s h i p  t o  observed s u b j e c t i v e  and 
o b j e c t i v e  v e s t i b u l a r  responses t o  va r ious  motion i n p u t s .  Four 
topics  of p a r t i c u l a r  importance i n  c u r r e n t  v e s t i b u l a r  r e s e a r c h  
w e r e  examined i n  d e t a i l .  
The d e n s i t y ,  c o e f f i c i e n t  of expansion,  and v i s c o s i t y  of 
t h e  l a b y r i n t h i n e  f l u i d s ,  endolymph and perilymph, have been 
measured t o  provide  p r e c i s e  va lues  f o r  t h e  c o e f f i c i e n t s  of t h e  
dynamic models. A microviscometer w a s  des igned ,  b u i l t ,  
c a l i b r a t e d ,  aiid iised tc: ~ . e a s l ~ r e  *he v i s c o s i t v  of 1-2 m i c r o l i t r e  
samples of endolymph and perilymph. Density-measurements w e r e  
made v i a  p r e c i s i o n  ba lance  scales and a c c u r a t e  volume measure- 
ments and c o e f f i c i e n t s  of expansion w e r e  made by microscopic  
measurements of t h e  volume of t h e  f l u i d s  a t  s e v e r a l  t empera tures .  
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The s e m i c i r c u l a r  c a n a l  is modelled as a r i g i d  t o r u s  of 
f l u i d ,  wi th  t h e  cupula  a c t i n g  as an e l a s t i c  and v iscous  r e s t r a i n t .  
A system t r a n s f e r  func t ion  i s  eva lua ted  f o r  cupula  d i s -  
placement as a func t ion  of angular  a c c e l e r a t i o n .  I t  i s  shown 
t h a t  t h e  c u p u l a ' s  v i scous  drag on t h e  w a l l  of t h e  membranous 
l a b y r i n t h  accounts  f o r  t h e  major i ty  of t h e  damping i n  t h e  system 
and r e s o l v e s  t h e  d i s p a r i t y  between previous  c a l c u l a t i o n s  of 
damping, which only considered t h e  hydrodynamic d rag  of endo- 
lymph i n  t h e  c a n a l i c u l a r  duc t  and measured damping c o e f f i c i e n t s .  
Caloric s t i m u l a t i o n  of t h e  v e s t i b u l a r  appara tus  i s  
examined, and a model i s  proposed based on t h e  publ i shed  m e a -  
su red  t i m e  h i s t o r y  of t h e  temperature  g r a d i e n t  a c r o s s  t h e  
l a t e r a l  c a n a l  when t h e  e x t e r n a l  a u d i t o r y  meatus i s  i r r i g a t e d  
wi th  water above or below body temperature .  T h e  presence of 
a thermal  g r a d i e n t  across the  l a t e r a l  canal  i s  shown t o  pro- 
duce t h e  p h y s i o l o g i c a l  equ iva len t  of an angu la r  a c c e l e r a t i o n  
because of t h e  torque  which a c t s  on t h e  endolymph a s  a r e s u l t  
of i t s  thermal  c o e f f i c i e n t  of expansion. Ca lo r i c  experiments  
w e r e  performed which a t t e s t  t o  t h e  v a l i d i t y  of t h e  model. 
The i n f l u e n c e  of l i n e a r  a c c e l e r a t i o n  on t h e  s e m i c i r c u l a r  
c a n a l s  was i n v e s t i g a t e d .  Human o b j e c t i v e  and s u b j e c t i v e  
responses  t o  r o t a t i o n  about a h o r i z o n t a l  a x i s ,  t o  counter-  
r o t a t i o n ,  and t o  s t i m u l a t i o n  by a r o t a t i n g  a c c e l e r a t i o n  v e c t o r  
w e r e  examined. The observed responses  of long d u r a t i o n  nystagmus 
and cont inuous s e n s a t i o n  of  r o t a t i o n  are n o t  i n  conformity 
w i t h  c lass ica l  models of t h e  v e s t i b u l a r  system and t h e r e  has  
developed a s i z a b l e  body of  exper imenta l  evidence which a t t r i -  
b u t e s  a s i g n i f i c a n t  p o r t i o n  of t h e s e  unusual  responses  t o  t h e  
s e m i c i r c u l a r  c a n a l s .  I t  i s  shown through t h e  d i s t e n s i b i l i t y  
of t h e  c a n a l i c u l a r  d u c t  under t h e  i n f l u e n c e  of l i n e a r  
a c c e l e r a t i o n ,  t h a t  t h e  observed b i a s  component of nystagmus 
can be a t t r i b L t e d  t o  a first o r d e r  n o n l i n e a r i t y  of t h e  s e m i -  
c i r c u l a r  c a n a l  dynamics. 
c e n t r i f u g e  equipped w i t h  a r o t a t i n g  c h a i r  t o  show t h e  r e l a -  
t i o n s h i p  between t h e  magnitude of t h e  a c c e l e r a t i o n  f i e l d ,  t h e  
r o t a t i o n  ra te  of t h e  s u b j e c t ,  and t h e  slow phase v e l o c i t y  of 
v e s t i b u l a r  nystagmus. 
Experiments w e r e  performed on a 
Pe rcep t ion  of Rotat ion - Nystagmus and S u b j e c t i v e  
Response a t  Low Frequency S t i m u l a t i o n  
Gerald B.  K a t z  
Abstract 
A r o t a t i n g  c h a i r  was b u i l t  t o  submit s u b j e c t s  t o  s i n u s o i d a l  
3 
ang~:ar a c c c l ~ r e t i ~ n s  a t var ious combinations of f r equenc ie s  
(.01 cps t y  .1 cps)  and peak angular  a c c e l e r a t i o n  l e v e l s  (lOO/sec- 
t o  45O/sec ) ,  f o r  t h e  purpose of s tudy ing  t h e  human s u b j e c t i v e  
and o b j e c t i v e  response t o  r o t a t i o n  a t  low f r equenc ie s .  Each 
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of f o u r  s u b j e c t s  was seated i n  t h e  completely dark chair  w i t h  
t h e  a x i s  of r o t a t i o n  p a s s i n g  through h i s  head. 
angu la r  
1. 
2. 
3 .  
4 .  
5. 
H i s  s u b j e c t i v e  response  w a s  measured by means of a 
d i r e c t i o n a l  swi t ch ;  his o b j e c t i v e  nystagmus eye movement 
response w a s  s imul taneous ly  measured and recorded.  A s tudy  
of t h e  r e s u l t a n t  phase d i f f e r e n c e s  between both  s u b j e c t i v e  
and o b j e c t i v e  pe rcep t ions  of  angular  v e l o c i t y  and a c t u a l  
v e l o c i t y  leads t o  t h e  fo l lowing  conclusions:  
The phase l e a d  of both o b j e c t i v e  and s u b j e c t i v e  
response e x h i b i t e d  no s imple  f u n c t i o n a l  dependence 
upon amplitude of a c c e l e r a t i o n .  
The amount of phase lead ia both cases is i n v e r s e l y  
p r o p o r t i o n a l  t o  s t imulus  frequency. 
The o b j e c t i v e  phase lead i s  larger a t  any s t imu lus  
cond i t ion  than  t h e  corresponding s u b j e c t i v e  phase 
l ead .  
I n t e r s u b j e c t  response d i f f e r e n c e s  were very e v i d e n t ,  
i r r e g u l a r ,  and r e l a t i v e l y  g r e a t .  
The data p resen ted  ag r ses  i n  a g r o s s  manner w i t h  
t h e  d a t a  of Hixon and Niven. 
10 
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